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SUMMARY

This investigation has used invertebrate nervous systems to
elucidate two basic aspects of central nervoue ionic homeostasis:
neuronal adaptations to ionic and osmotic stress and ionic homeco-
stasis of the brain microenvironment.

The research on the giant axong of pclychactes has established
the important principle that scme nerve cells can adapt to very large
i changes in the composition of their immediate fluid environment.

] These adaptations involve structural modification and changes in the
” cellular mechanisms which mediote excitation and conduction.

The results of the investigation on the insect central nervous
system has shed light on the permpability properties ol the blood-
brain interface, which shares some features with the functional
organization of the mammelian cenrtral nerveous system., The physiological
information obtained has enabled a physiological model to be erected
which explaing all of the available experimental information and should
be susceptible to further experimental tests.
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I. INIRODUCTION

The research carried out during the period of the grant was concerned
with an important and relatively unexplored aspect of neural function:
central nervous ionic homcostasis. This rescarch has exploited some unigue
advantages provided by some invertebrate animals by studying the physiological
adaptations of necrvous systems which are naturally exposed to very large
fluctuations in blooxd composition, namely the giant axons of two estuarine
polychaetes (which are dircctly exposed to massive changes in the ionic and
osmotic concentration of the extra-axonal fluid) and the nervous connectives
of an insect species (in which ionic homeostasis is achieved by extremely
effective regulation of the extracellular fluid environment of the nerve
cells).

The results of the investigations on the polychaete axons have shown
that nerve cells are not necessarily at the mercy of the composition of their
body fluids and establish the important physiological principle that neuronss
may adapt relatively rapidly to massive changes in the osmotic and ionic
compocition of their immediate f£luid environrent.

The results of the studies on the insect preparation have elucidated
and alterrative physiclegical strategy to tho preblenr of body fluids of
fluctuating composition: the combination of an effective peripheral blcod-
brain barrier system and local glial-mediated regulation of the composition
of the brain microenvironment. This strateygy 1s similar, in a number of
basic features, to that of the mammalian central nervous system and, for thic
reason, is a valuzble model system for the quantitative studies of the
physiology of central nervous homeostasis. Such studies are of more than
furdamental physiological importance, for an understanding of the mode of
action and the mechanicms of resistance to, insecticidal compounds reguires
knowledge of the permeability properties of the blood-brain interface and,
also, of the associated underlying regulatory processes.,

In this report account is given of the major findings and conclusions
of the research carried out during the tenure of the grant. First for
the studies of neuronal adaptability and then for the honcostatic mechanisms
in the regulation of the ionic composition of the brain microenvircnment.

More detailed accounts of this work can be found in the papers which
have alrcady been published. These are referred to in the text and are
also lirted scparately.

II. NBEURONAL ADAPTATIONS TO IONIC AND OSMOTIC STRESS
Two species of estuarine polychaete worms were used for these studies,

both were showm to be euryhaline osmoconformers. The nervous system of
Sabella penicillus was found to.experience changes in the osmotic concentration

of the blood, of between 543 and 1236 m~osmol, in response to changing

external salinities (Carlecon, Pichon & Treherne, 1978). More extreme fluctuations
occur in the blood of the serpulid, Mercicerella enigmatica, the range (betwecn

84 and 2304 m-osmol) being the most extreme known for any animal species

(Skaer, 1974a; Benson & Treherne, 1978b).
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a) Bxperiments on Sabella giant axons

The giant axons of Sabella can withstand abrupt hyposmotic dilution of
the bathing medium from 10407 to 520 mOsm, equivalent to 50% dilution (Carlson,
Pichon & Treherne, 1978). This is in marked contrast to the irreversible
damage incurred in the spike generating mechanism of the stenohaline osmo-
conformers. Furtherm ce, the axons of Sabella are unusual in showing only
relatively slow clecirical responses to abrupt dilutions of the surrounding
fluids (Carlson et al., 19/8). Thus the overshoot of the intracellularly
recorded action potential declines slowly and with a rather complex time
course in hyposmotic medla, yet the axons are conventionally dependent upon
sodivm and the spike is rapldly diiminished in low sodium conditions when
the osmotic concentration is maintained with sucrose (Fig. 1). This effcct,
together with the slower rate of potassium depolarization observed during
hyposmotic stress as compared with equivalent isosnotic treatments, suggests
that thore is a reduced intracellular access to the axon surfaces when the
osmotic concentration around the nerve is reduced. This could arise from
osmotically-induced swelling of the surrounding glial processes, and weuld
presumably pLOVJﬂﬂ limitcd chort~term, protoction fram the adverse effecte of
fluctuations in blood osmolality.
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Fig. 1. Cem ipwison of the ates of decline of the overshuot fo'lowing exposure to 0"
: “hyposmotic and s motic (suctne-s ihatituted) ASW,

In spitec of this short—term limitation of access, the giant axons of
Gabella nevertheless develop a reversible conduction block after prolonged
exposure to 60% hyposmotic solutions (Fig. 2A). But the axons are able to
adapt to this situvation if the dilution is gradually imposed, and will then
continue to conduct action potentials (Fig. 2B).
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This hyposmotic adaptation in the giant axons involves an appreciable
reduction in intracellular potassium concentration, as revealed by a comparison 3
of the changes in resting potential with verying [K*]s before and after
adaptation (Treherne & Pichon, 1978). This reduction is approximately
, proportional to the potassium dilution in the external medium, co that a
| 60% reduction of [Kt]o is associated with a 69% decline in [K+}ji, from 420 ndl
to 340 mvM., This effcct ensures that there is no marked change in axcnal
; resting potential, in contrast with the situation in a more extreme conformer, ]
i Mercierella, in which intracellular potassium is not proportionately reduced
; and a marked hyperpolarization results.

YT sy T

The decline in intracellular potassium observed in Sabella axons during
i , progressive dilution of the external medium does not appear to result from
' axonal swelling and cell dilution (Carlson et al., 1978). -The recorded decline
; in [Kt]i during adaptation must, therefore, result from a net loss of this
major intracellular cation from the axoplasm, an apparently common strategy
b used by cells to reduce the internal osmotic concentration during hyposmotic
stress (cf. Hoffman, 1977).

The active membrane in axons from seawater—adapted Sabella is not completely
selective for sodium ions. This is shown by the significant departure in the
slope of the line relating overshoot to internal sodium concentration from the
58 mvV per decade change in [Nat], predicted by the Nernst relation for an ideal
1 sodium electrode (l'ig. 3). However, in hyposmotically adapted axons the sodium
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selectivity increases (Fig. 3), a factor which partially compensates for

the reduction in sodium gradient across the axon meopbranes ac the external
fluids are diluted. The overshoot of the action potential is thereby
increascd in hyposmotically-adapted as compared with seawatcer-adapted

axons at cquivalent external sodium concentrations (I'rchernc & Pichon, 1978).
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The physiological edoptations of Sabolla giant axons are thus adegust
to pormit a maintonance of excitab:ility vnder the vegimes of limited osaolic

stress experionced by a nodest osoconformer.  Firetly, the axons receive
short~term protection by restriction of the intercollular access to their
surfaces during abrupt hyposmotic stress. Secondly, there is a substantial
reduction in intraccllular potassium, which is presumably accompanied by on
equivalent locs of intracellular anions (cf. Gilles, 1979), contributing (o
the achievement of osmotic cqguilibrivum with the blood or bathing medium.
Thirdly, the relative codium permeability of the active mombrane increascs
during hyposmotic adaptation so as to purtially compensate for the reduction
in external sodium concentrations.

b) Experiments on Mercicrella giant axons

Despite the very large fluctuations in osmotic and ionic concentration
of the blood experienced by this extreme osmoconformer the yiant axons appear
to be unprotected by a recognizable barrier system. The giant axons are over-
laid only by narrow glial processes which provide an incomplete covering of
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axenal curteoo o, Where gore complete covering occurs the intercellular
clefts are oot cealed by jonctional cawplexes and ionic lanthanum poencetrates
to the amioe oo of dxons of both cea vater-adapted individuals (in normal

Salites ant duar oy anitic 1 hypooaotic stress) and in Lthose which are hyposmoti-
cally=awbptodd (Skoer ot 2., 1973; Trcherne, 1978).

Althoagh wurotected from the extreme fluctuations in osmotic concentration
of the blood the Merclierella aveons novertheless exhibit structural ‘pecializa——
tions which, 1L 1s projosed, enable them to withstand an appreciuble exces
of 1nth‘_11u“:r h)d]t)ot.dl_l(, pressure resulting from osmotic imbalence duri 1ng
hyioomot ic stress. These are homidesmosorne-like structures, associated with
the wxon nenbrane, which cre connected to a network of neurofilaments within
the axon.  The provision of regularly, clocely-spaced, supports for the
axonal morbrone appears to be a highly effective way of limiting the tension
on 1t by rr}duczn(_; the rudius of curvature (Skaer et al., 1978a). For example,

a notional excese of internal concentration of 100 mlz2M will produce an

internal pot*f‘-no of 2.42 x 0% Pa (2.42 x 106 Ayn cm?) within a giant axon

of 15 mm radiun, Under these clrcumstances 1L can be calculated that an increase
in arenx of only 100 of the neabiraps Potween the hewideesmocores will bz sufficient

COorenilon Lo Joner toinaion Lo cieat GLU3 W T, whiceh 1o leze than coe
hundredtl of th- value for the unstrete -l.ui axon cnd roughly cguivalent (o the

toension vhich the nomb
occurs (Kana, 1954).

aroof a huran ervthrocyie can withstand before hzrunlyzis

The giant anens of Moercierella utilize the apparently comon strategy
of rcducing th» intyace xl”L,.«! clectirol e concentrates during hyposmotic
adaptation. s with Sy “ilun axons (..1]1.101, 1¢7€a), but urlike the giant axons
of Subvlla Mrctorre & Vet wm, 1978), torve is non-proportional retention of
both coaiun and potassiva during proqressive dilation of the external mediun
(Benson & Treborne, 19761y Trehiorne, 1978) . For exarple, reduction of the
external ion concentrations to 250 reculted in only an approximate halving
of [Nut)i and [KH]1 (i.e. from 310 to 145 wdl for potcssium and 87 to 44 ml
for ondium ions).

The non- }'u‘wortional retention of intrecellulor potascium ions is of
CrlLlcal 1“1pov 'Lun\ ¢ 1n the 1yp.).r:ntn adnpriticn Of the Mercierella giant axons

Tl e s conce Catre

tion ( 30 M)
of t}::‘ }*](uﬂ 0! oo ey, 19740 0 N ot the
S I NS T tE OB ST cc;n;;cz'ltr;_‘.,n-.:1 ool ettt vozbine powential of the
Mercicrells axon lies on @ steep port’ o of the Nornst slope, which relates
Tho wnonal I’("ill)) potential to cxtorns) potescien concentration (Carlson &
Treherne, 1977; bBoenoon & Arehorne, 1976a).

I

The net effect of the censitivity of thi resting potential to changes in
[K*]o and nos-proortionad rotention of (K3 1o that there is a proportional
increase in the outwardiy-dircctoed gradient of potassium ions during hyposmotic
dilution {(Boncon & Treherne, 1976h) . Thio accounts for the appreciable hyper-
polarization ohcerved during adaptation of the i lorcierella giant axons to
dilution of the cxternal meddium (Fig. 4). B
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Fig. 4. Continuous secosding of the resting and ootion potentrds
during gredudd bypormotic dilution of the bathang nediv,

The hvoerpolarization of the axon membrans during hyposmotic
has two imwoctoal consean o, irst, 1t tends o cunpen for
reduction in the overshoot of the cotion rotentizl, resulting from denreasco
in [Natle, ond, thus contributes to the maintenance of the itwic of thw
action potential. Secondly, the incresced resting potential reducos P
inactivation and, consecuently, maintains a ropid rate of rise of ihe
potential during cxtreme dilution of the bathing medium.
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The auplitude of  the action potentiale are also maintained during
hypocnotic dilution by the reduction in intracellular
(Pig. 6) (Benson & ‘I'reherne, 1978b) . This reduction appoars
responsce Lo redueed external ionic concoentraticon, for it oconrs (in the
absence of the equivalent reduction in [K¥];) during isosmotic dilution of

sodiwa coneentration
Lo be o specifllic

the buthin) medium (Bonzon & 1reherne, 1978a).  The reduction in [Hat)i is
abolished in the prezence of ocuabain and could, therefore, result from an
increase in net Soﬁium cfflux such as occurs in the cquid giont wion in
sodium-deficient saline (Hodgkin & Keynes, 1955). Theincrenoed codium efflux
from the cephalopod giant axon appoars not to be passively medictred, for it

as found to be inhibited by dilute dinitrophenol. 1t is ougyg o ted that the
increased sodium ¢fflux is accompanied by an outward movoment ol an intra-
cellular anion.
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ITI.  IONIC HOMEOSTASIS OF THE BRAIN MICRUDNVIRONMENT TN INSECTS

The research carried oul during the tonure of this grant has enabled a
nmodel to be devised which accounts for the available information ohtained

using electrophysiological, ultrastructural, radioisolopic and flame
photonctric technigues,
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According to the model (Fig., 7) intercellular diffusion between the blood
and axonal surfaces 13 restricted at the innev onds of the tortuous clefts
that traverse the supcrficizl layer of specielincd neuroglia, the perincurium
(Lanc, 1974). This accounts for the ¢l

corvation that altered exicrnid ien
concentretions result in extra-~nouronal potential changes, originsting at

the outer perincarial menbran=s, before any effects are moesuved in the axons
(Trehernc et al., 1870; Pichon & Trceherne, 1970; Pichon, Movcton & Treharne,
1971). The restriction is suggested to result from the tight Jjunctions, ot
the inper erds of the perinsurial clefts, and which appear ©o 1imit the
perctration of ultrastruciaral trwore clomy the clefts (Lons o Toetorn, 1072

5
H

Recont unpablished rescarcely has confirped the peripheral localizaiiong
of the intcrecllular diffusion bayier to ivoraanic ions.  These oxnorinoats
involved the use of pronacs in treatod connectives which facilitate
penetration of the suporiicial neorojlia and esttracellular channels using
fine tipped, high-resistanse, microclectrodes.  Our observations show

that high-potussiun pulses induce dovolavizing responses (Gimilor to thoce
measured at deeper levels in the Cin) at depths of only 5 o bencath the
neural lamclla., The suporficial localization of the potassiom—induced
extrancuronal potentials provides civeunstantic] covidence for interccelinlar
restriction of inward fon movements in the yoainearial cloefts such as is
indorporated in the model illustrated in Pig. 7.
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The perineurial. neuroglia and tha underlying glial cells are represented,
in the model, as confluent compartments which allows intracellular movemznts
of sodium ions, and other small water—-soluble ions, to occur via the gap
junctions that link adjacent perineurial and glial membranes (Lane, Skasr &
Swales, 1977; Lane & Swalec, 1978).

According to the model the sodium content of the perineurial cells will
be largely determined by the uptake of sodium frem the blood and ito
extrusion into the extracellular fluid and the bloxd by the Na/K pumps.

In the abzence of external sodium ions there will be a net outward moverent
of this cation acress thoe cater porincurial s

brane larcely mediated by
the Na/K punps. Because of the postulated linkage with the underlying c¢lia
the changes in intracellular sodium concentraticn in the perineurial
oytoplasm will be accompanicd by eguivalent changes within the deeper gliel
elements.

The above model also accounts for the inability of external lithium
ions to gain access to the axon surtaces (Schofield & Treherne, 1978), despile
a substantial accumulation of this cation within the central nervous tiosues
(BRepnett, Buchan' & Trcherne, 1975). Tho inability of lithium to restore the
action potentials in sodiun~depleted conncctives implies that this cation
(which can substitute for sodium in maintaining the inward current of the
axonal action potential) must be excluded from the extracellular fluid and,
consequently, contained in the glial cytoplasm. This is accounted for in the
model by the presence of Na/K pumps on the glial membranes for it is known that
linked sodium pumps, in frog muscle (Keynes & Swan, 1959) and crab neurvnes
(Baker, 1965), will not accept lithium ions. The retention of lithium ions
within the central nervous tissues, after prolonged washing in normal saline
(Bennett et al., 1975) is explained by the outwardly-directed linked sodiun pumps
on the outer perineurial membranes which, similarly, are presumed not to accept
lithium ions.
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Fig. q. . Changes in extra-axonal sodiim concentration in an intact preparation, resulting liam
thice successive exposnres to sodinm-fiee (sucroce-suhatituted) Ringer, § min in basic Rinper
swa adlowed betv oo expostires (w) and (0); o min botween exposures (8 and (¢). Estimation
from a suctose-pap recording: depletion of Na expressed as €7 values ((2) 1 recovery expressed
as 1 - C7 values (@) to simphify comparison with depletion. Half<times for dechine: (0), 98 s;
(c), 113 5. Half-times for recovery: (a), 95 s (0), yas; (), 81 s, Lines fitted by linear regiession
on rectangular co-ordinates except for the broken Line in («) whicli was fitted by eye.

We have shown that initial exposurc of connectives to sodium-deficient
saline results in an extremely slow decline in amplitude of the axonal
action potentials (Schoficld & Treherne, 1978). Relatively rapid rocovery
of the action potentials occur on return to normal, high-sodium, saline
(Fig. 9a). Subsequent exposure to sodium—deficient and normal saline
becones rapid and symmetrical (Fig. 9b). These observations cannot be
accounted for by increased intercellular leakage of sodium ions for, as
mentioned above, the action potentials in sodium-depleted preparations
cannot be restored by prolonged exposure to lithium ions (a cation which can
subtitute for sodium in carrying the inward currenl of the action potential).




The results shown in Fig., 9 can be GX})]A]I)(M according to our model by a
postulated intracellular sodivm reservoir which functions Lo maintain
clovated extracel lular sodium concentration:s during prolonged exposure to
sodiwn-delicient: saline. 'This rescrvoir can be recharged only relalively
slowly and, thus, when uncharged movements of sodium ions botween the
external wmedivm and the axon surfaces are rolotively rapid, and syravtrical,
but are nevertheless slowed by a metabolic inhibitor, DNP, and a sodiuu-
transport inhibitor, ethacrynic acid, ’

The postulated intracellular sodiuvm reservoir is, according to the
model, localized in the linked perincurial-glial cytoplasm, although it is
})Q.).albl(‘ to crect alternative l(x:ulwatjon, for example, in the axoplacm

tself, Experiments are curwnUy in progress to identify the proposed
J'ntracel.l.ular sodiwm reservoir. These crpe)iments will involve the use of
radiosodiun localization in detergent~treated preparations, in nos-electrolyte
solution, and also, the use of sodiun-celective microelectrodes.

We are currently using radiosodium to study the exchanges of this
cation across the bloxi-brain inteclace (J.%, Trcherne & PUK. Scholield).
Car results conilon earlicr oboorvations (of. Trehcrne, 1902; Pichon &
1972) that rapid radioscdium fluxm occur betwveen cockroach cantral nervous
tissues and the hathing mwediom, 22Na efflux creurs as a two-stase process
with half-timos o %0 and 1000 sec respectively. Extra-axonal sodium
regulation is, therefore, a dynamic process which involves rapid ion fluxes
acrosg the blood-brain interface., 7hese floies do not cipodr to invelve
significant sodium-sodium exchange as 1s kpown in some epithelial tronsnort
systems,  Metabolic and sodium-transport inhibitors have little cfiect on tie
rapidl y-exchanging corponent but slow the slosly-exchanging corponent of
radiosodivm efflux. Further experiments will be directed towards identifi-
cation of the rapidly-exchanging sodium fraction.

Recont research has indicated an involvement of the aninergic system
in ionic horeostasis in the cockroach nervous system.  We have showm thot
externally-appl ied octopamine produces marked changes in extrancorenol
potentials and also on the amplitude of the action potentials in prorarotino
exposad to sodivm-deficient salines and on the rate of axonal depolarization
in conneciives in hidgh-potassivn saline. Our wr o]mm ry cbhaarvations
that octerorine may cffect bhoth the rotassive yorposhil 1L” of the
nearessl ia end Tirked scx’iiu:u--p:)tg;:-..,lu.l. movLOntS In :
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